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AN EXPERIMENTAL QUADRATURE MODULATION SYSTEM FOR VIDEO SIGNALS 



Summary 

An experimental two-channel quadrature modulation system operating at v.h.f. 
has been developed. This is used to illustrate the performance that may be expected of a 
practical system for transmission of wide-band signals in the u.h.f. or s.h.f. bands. 

This method of modulation enables two signals to be transmitted at the same 
carrier frequency. Two carriers of identical frequency , but displaced in phase by 90°, are 
modulated separately and then added to form the quadrature-modulated signal. At the 
receiving terminal the two modulating signals are separated In synchronous detectors 
which are fed with reference carrier signals in phase quadrature. In order that the modu- 
lating signals can be separated completely, the reference carrier signals must be coherent 
with the quadrature-modulated signals. In the experimental system a pilot modulation 
signal [6 MHz) is transmitted to ensure the correct generation of the reference carrier 
signals. 

The theory and design of the system is considered, and measurements using 
independent video signals applied to the two modulators showed that crosstalk and 
distortion could be kept at a low level. The phase-locked oscillator used in the demodu- 
lator was capable of generating the reference carrier signals with an accuracy of 0-5 
degrees over a range of input signal frequencies of 200 kHz. 



1. Introduction 

A great deal of work has recently been carried out on 
the use of pulse code modulation methods for transmission 
of sound and television signals. At present this technique 
is likely to be too expensive for domestic use, but the rapid 
developments in integrated circuits may make the system 
viable. Pulse coding offers advantages over conventional 
analogue methods for national and international distri- 
bution of programmes. If such a signal is to be transmitted 
most efficiently over an r.f. link, the modulation system 
must be chosen to provide the required signal-to-noise ratio 
in the minimum r.f. bandwidth. 

Quadrature modulation enables two separate signals 
to be transmitted at the same carrier frequency. The two 
signals are modulated independently on two carriers which 
are in phase quadrature and the r.f. bandwidth required to 
transmit the two signals is the same as that required for 
transmitting one signal by double-sideband amplitude modu- 
lation. This method of modulation is used for example for 
transmitting the two colour-difference signals on a single 
sub-carrier in the NTSC and PAL colour television systems. 

For the transmission of digital information the signal 
could be split into two multi-level pulse signals for modu- 
lating the quadrature components. Hybrid pulse coding 1 ,2 
could also be transmitted using quadrature modulation.* 



* This suggestion was first made by G.G. Gouriet. 



This method of coding requires the simultaneous trans- 
mission of a quantised (possibly pulse-coded) signal, and an 
analogue signal proportional to the difference between the 
quantised signal and the original waveform. It is important 
when using hybrid pulse coding that no timing error exists 
between the quantised and analogue components of the 
signal at the receiving terminal. Quadrature modulation of 
the two signals at one carrier frequency ensures that the 
propagation time of the two channels is exactly equal. 
Experimental work on this aspect is not, however, covered 
by the present report. 

In order to investigate the practical limitations of 
wide-band quadrature modulation, and the difficulties in 
its instrumentation, an experimental modulator and de- 
modulator were constructed. This equipment was designed 
to modulate two 5-5 MHz video signals on a carrier fre- 
quency of 57 MHz. This frequency represents an inter- 
mediate frequency that could be used in a practical u.h.f. or 
microwave transmission system. A description of the 
experimental equipment is given in Section 3. 



2. Principles of quadrature modulation 

A quadrature-modulated signal may be regarded as two 
independent signals which are carried simultaneously by 
the same channel. Two carriers of identical frequency are 
generated in phase quadrature; they are independently 
amplitude modulated and added to produce the quadrature- 
modulated signal. In order to conserve transmitter power, 
balanced modulation may be employed. 
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The two modulating signals are separated in the de- 
modulator by feeding the quadrature-modulated signal into 
two synchronous detectors which are supplied with separate 
reference carrier signals in phase quadrature. The process 
of demodulation is accomplished in each detector by multi- 
plication of the quadrature-modulated signal by the 
reference carrier. 

Considering the two modulator carriers to be cos co c t 
and sin co c t and the two modulating signals/ (t) and/ '(t), 
the quadrature-modulated signal may be represented by 

f x (t) cos u> c t +f 2 (t) sin co c f 

If the demodulator reference carriers are cos(co c ? + 0) and 
sin(co c ? + 0) the output of one detector will be (ignoring 
constant multipliers) 

cos(w c ? + <f>) \f l (t) cos co c t +f 2 (t) sin co c t] 

= /, (r)cos -f 2 (f)sin +/, (?)cos(2w c r + 0) +/ 2 (r)sin(2co c f + 0) 

The last two terms represent a signal at twice the carrier 
frequency, and they are removed in low pass filters follow- 
ing the detector. 

If = 0, i.e., the reference carrier is in phase with one 
of the quadrature modulation carriers, the detector output 
(after filtering) isf 1 (t). 

Similarly the filtered output of the other detector is 
/ 2 tf)cos0+/ 1 (/)sin0 

which, if 0= 0, becomes/ (/j. 

It can be seen that if a phase error, 0, exists between 
the reference carriers and the carriers of the quadrature- 
modulated signal, the two modulating signals will hot be 
completely separated in the demodulator. 

Assuming equal amplitudes of f l (t) and f 2 (t), the 
relative level of the unwanted signal, the so-called crosstalk, 
is tan 0. 

Crosstalk is also introduced in a quadrature-modu- 
lated system if the amplitude of phase response of the trans- 
mission path as a function of frequency is not symmetrical 
about the carrier frequency. To illustrate this effect, the 
two quadrature components of the signal may be considered 
independently. For simplicity, it will be assumed that one 
carrier is modulated by a sinusoidal signal and the modula- 
tion of the other carrier is zero. 

If a sinusoidal signal cos co m f is used to modulate a 
carrier cos u> c t usirtg suppressed-carrier modulation the out- 
put frequency spectrum consists of two equal sidebands: 
1 /2COs(co c + co m )t + 1 /2Cos(co c — w m )f. If these sidebands 
are subjected to different attenuations, x and y, in the 
transmission path, the received signal will be 

x y 

- cos(co c + u m )t + - cos(co c - w m )f 

= V 2 (x +.y)(cos co m t.cos to J) - Vz(x - _y)(sin co m f.sin to t) 



The expression Vi{x +jf)(cos a> m /.cos to c t) represents 
the original signal, cos co m t modulated on the carrier 
cos co c t, and subjected to the mean attenuation of the two 
sidebands, while Vi(x - >")(sin (x> m t.sin co c t) represents a 
signal modulated on a carrier in phase quadrature with the 
original carrier. In a quadrature-modulated system the 
latter signal would represent crosstalk. It should also be 
noticed that the crosstalk, [(x - y)l(x + y)] sin co m t, has 
been subjected to a phase shift of 90° relative to the 
transmitted modulation. 

If the two sidebands Vz cos(co c + co m )? and 
M> cos(cu c — w m )? are subjected to phase shifts of and 
2 relative to a signal at the carrier frequency the received 
signal will be 

14 cos [(oj c + io m )t + 0,] + 1 / 2 cos [(w c - co m )t + 2 ] 

:1 /2COsco c f [cosco m f .(COS0J+COS02) +sin w m f . (sin0 2 -sin0j )] 

+ Va sin G) c t [sin w m f . (cos0 2 -cos0j ) - cos co m t . (sin0j+ sin0 2 )] 

It the phase response of the transmission path is anti- 
letrical aboi 
received signal is 



symmetrical about the carrier frequency, i.e. = —0,, the 



cos co c t . cos(o) m / + 0j ) 

In this case no crosstalk is introduced but the modu- 
lating signal will suffer group-delay distortion unless is 
proportional to co m . 

If the departure of the phase response from anti- 
symmetry is small the crosstalk introduced is predominantly 
in phase with the modulation, i.e. if the modulation trans- 
mitted in one channel is cos co m t, the crosstalk detected in 
the other channel of the receiver wil 
k 2 sin co m t, where k 1 >k 2 . 



be /Cj cos LO m t + 



3. Experimental equipment 

3.1. The modulator 

A block diagram of the modulator is shown in Fig. 1. 
The two video signals are applied through 5-7 MHz low-pass 
filters to two integrated-circuit balanced modulators. The 
57 MHz carrier inputs to the modulators are driven in 
phase quadrature by using a quarter-wavelength of cable in 
one path. 
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Fig. 1 - Block diagram of experimental modulator 



The outputs of the two modulators are added and 
amplified to provide the quadrature- modulated output 
signal. 

A 6 MHz pilot signal, added to the video input of one 
of the modulators, is required for the demodulator to lock 
an oscillator to the phase of the incoming signal carrier. 
This oscillator provides the reference carrier signals for the 
detectors. The low-pass filters in the video inputs to the 
modulators are used to reduce the level of any components 
of the video signal near 6 MHz, which could cause inter- 
ference in the carrier locking system of the demodulator. 



phase of the reference carrier signal is correct there will be a 
6 MHz pilot signal present only in the output of D1. A 
phase error in the reference carrier will cause a pilot signal 
to be present in the output of D2, this signal being in phase 
or in antiphase, depending on the direction of the phase 
error. The polarity of the output from D3 is dependent on 
the direction of this error. The d.c. and low-frequency 
components in the output from D3 are extracted by a filter 
and applied via an amplifier to the oscillator to provide 
phase control. A.C. feedback around the d.c. amplifier 
provides the required frequency characteristic to stabilise 
the phase-lock loop. 



3.2. The demodulator 

3.2.1. General 

The block diagram of the demodulator is shown in 
Fig. 2. The amplified input signal is band-pass filtered and 
applied to two synchronous detectors, D1 and D2. The 
reference carrier signals are fed in phase quadrature to these 
detectors from a voltage-controlled oscillator, which is 
locked in phase with the input signal carrier by means of a 
d.c. control voltage derived from a phase-sensitive detector 
D3. The method is due to Costas. 

3.2.2. Video signal circuits 

The video output signals from the detectors are 
amplified to a level of 1 volt peak-to-peak. 6 MHz notch 
filters are included in both amplifiers to reduce the r.m.s. 
level of the pilot signal at the video outputs to less than 
—40 dB with respect to peak-to-peak video. 

3.2.3. Reference carrier locking circuits 

Referring to Fig. 2, the 6 MHz pilot signal is 
separated from the video outputs of D1 and D2 by band- 
pass filters. The amplified pilot signals from both detectors 
are then applied to a phase-sensitive detector D3. If the 



This type of phase-lock loop has two stable locked 
states, such that there is an equal probability that the 
oscillator will lock in the correct phase, or in antiphase. 
If the oscillator is locked in antiphase the signal outputs 
from the demodulators will both be inverted. An analysis 
of the design of the phase-lock loop is contained in the 
Appendix. 

4. Performance of the experimental equipment 

The system was tested with two independent 625-line 
Standard I television signals. The output of the modulator 
was connected directly to the input of the demodulator. 

A crosstalk level between channels of better than 
-30 dB could be obtained without difficulty, and by careful 
adjustment of the demodulator it was found to be possible 
to reduce this to —40 dB. The remaining crosstalk was 
found to be dependent on the signal level, indicating non- 
linearity of the modulator or demodulator. The crosstalk 
was also to a lesser extent frequency-dependent. This 
effect was probably caused by slight asymmetry in the 
frequency response of the demodulator input stage. 

The r.m.s. noise generated in the modulator and 
demodulator was -46 dB with respect to the peak-to-peak 
picture signal at the output of the demodulator. 
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Fig. 2 - Block diagram of experimental demodulator 
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Fig. 3 - Response of system to pulse and bar test waveforms 
2T pulse and bar with 10T chrominance pulse channel 1 : (upper) 



(a) response to 2T pu.oo ciu ua. wmi 
(b) response of system (channel 1 ) to 2T pulse showing l< rating graticule 
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Fig. 4 - Transient response of the phase-lock loop. The 

response to a step in input signal phase is shown for 

different values of loop damping factor, o, 

Horizontal scale : 200^(s/div 

Vertical scale = oscillator control voltage 

(a) Underdamped, a^O-5 (b) Critically damped, ~ 1-0 

(c) Overdamped, a «s 2-0 
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of the phase-lock loop. Subjective tests indicated that a 
loop damping factor (see Appendix, Section 8.3.3) of 
approximately unity, that is, a critically-damped response, 
gave optimum performance of the loop for minimum im- 
pairment of the signals by noise. The effect of the damp- 
ing control on the impulse response of the loop is shown 
in Fig. 4. 

Temperature compensation of the phase-locked oscil- 
lator was used to reduce the phase drift to less than 0-3° 
under normal signal conditions. The pull-in characteristics 
of the oscillator were found to be similar to those predicted 
theoretically (see Appendix). Fig. 5 shows the oscillator 
control voltage waveforms for two initial frequency errors. 
The pull-in time for a frequency error of 50 kHz is approxi- 
mately 4-5 ms. 



5. Discussion 

The main problem associated with the instrumentation 
of a practical quadrature modulation system is the necessity 
of providing a transmission pass-band with attenuation and 
phase characteristics symmetrical about the carrier fre- 
quency. As shown in Section 2, a small asymmetry of 
these characteristics can result in a relatively high level of 
crosstalk between the two channels. Crosstalk introduced 
by this means is likely to be most significant on terrestrial 
s.h.f. links where multipath propagation may effect the 
attenuation and phase characteristics. Because the ampli- 
tude and phase of multipath signals may change with 
atmospheric conditions it is not possible to employ fixed 
compensation for this form of signal distortion. For 
satellite communication, multipath propagation is found to 
be much less significant; the crosstalk in a quadrature 
modulated signal arising from propagation effects could 
therefore be expected to be small. 



(b) 



Fig. 5 - Oscillator control voltage, showing pull-in waveform 
for initial frequency errors of —23 kHz and +50 kHz 

(a) 8f= -23 kHz 

Horizontal scale = 0-5 ms/div Vertical scale = 0-5 volts/div 

[b) 6/= +50 kHz 

Horizontal scale = 1 ms/div Vertical scale = 0-5 volts/div 



The frequency response of the system was uniform 
to within 1-5 dB from 10 Hz to 5-5 MHz. The response of 
the system to a 625-line 2T pulse and bar test waveform is 
shown in Fig. 3. Fig. 3(a) shows an 8% loss of height of the 
2T pulse with respect to the bar, and also a loss of about 
1 dB at the colour subcarrier frequency in the 10T chromi- 
nance pulse. The 2T pulse is shown superimposed on a l<- 
rating graticule in Fig. 3{b); the rating is shown to be less 
than 2%. 

When random white noise was introduced between 
the modulator and demodulator, the picture quality impair- 
ment caused by crosstalk depended greatly on the damping 



Phase distortion of the r.f. signal causes crosstalk 
which is in phase with the modulation but whose magnitude 
may depend on the modulating frequency. The method of 
phase locking of the reference carrier oscillator used in the 
experimental demodulator removes any in-phase crosstalk 
at 6 MHz but, unless the phase response of the link is 
perfectly antisymmetric, in phase crosstalk will be intro- 
duced at low modulation frequencies, as shown in Section 
2. Non-symmetry of the attenuation characteristic of the 
link causes crosstalk in which all frequency components 
present in the original modulation are shifted in phase by 
90 degrees. It may be possible to reduce this form of cross- 
talk by the use of an automatic equaliser, which could, for 
example, correct the attenuation at the edges of the pass- 
band. A control signal for this purpose could be derived 
from the demodulator by adding an additional phase- 
sensitive detector to the pilot-carrier system to detect the 
quadrature component of the pilot signal. This signal 
would be proportional to the difference in attenuation 
between the two pilot signal sidebands. 

As discussed in Section 3.2.3, there is a 180° phase 
ambiguity in the locking of the reference carrier oscillator, 
so that the polarity of the demodulated output signal may 
be incorrect when the oscillator is locked to the input signal. 



In a practical system additional circuitry would be required 
to detect the presence of an inverted output signal and 
reverse the phase of the reference carrier. 



6. Conclusions 

The experimental equipment has shown the feasibility 
of using quadrature modulation for transmission of two 
independent wide-band signals, and has illustrated some of 
the difficulties in instrumentation of the system. Crosstalk 
between the two channels is likely to make this method of 
modulation unsuitable for analogue signals except perhaps 
in certain cases such as satellite communication or short- 
distance terrestrial links where the attenuation and phase 
characteristics of the link can be accurately controlled. 

Quadrature modulation would however appear to be 
most useful for transmission of pulse-code modulated 
signals. In this application, crosstalk between channels of 
the quadrature-modulated signal would, of course, result in 
a reduction of the noise margin of the system, but a useful 
system design may be possible for normal types of link or 
for satellite broadcasting. 
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APPENDIX 
The Phase-Locked Oscillator 



8,1 . Requirements of the phase-lock loop 

The requirements listed below are proposed as a ten- 
tative specification for a quadrature demodulator working 
at a v.h.f. intermediate frequency. The system considered 
is intended to carry two channels with a bandwidth of 5-5 
MHz, suitable for colour television. The carrier frequency 
to be used in the experimental equipment is 57 MHz. 

8.1.1. Hold-in range 

The input carrier frequency of the demodulator will 
in practice be subject to slow frequency changes due to 
frequency drifts of the transmitter, and receiver local 
oscillator. The demodulator phase-locked oscillator must 
be able to follow any such frequency changes without losing 
phase lock. The possible frequency drift in the i.f. is 
assumed to be ±100 kHz. This applies also to the pull-in 
range which is more conveniently discussed separately (see 
Section 8.1.6). 

8.1.2. Phase accuracy 

As the frequency of the input carrier changes from 
the centre frequency of the unlocked oscillator the fre- 
quency of the oscillator must be able to track the input 
signal frequency with a small phase error. In order to 
maintain crosstalk at —40 dB the required demodulator 
reference phase accuracy is 0-57 degrees. This phase error 
must hot be exceeded for the assumed frequency drifts of 
±100 kHz. 

8.1 .3. Transient behaviour 

The input signal may be subject to rapid changes of 
phase due to noise present in the original carrier signal 
before modulation and noise on any carriers used in sub- 
sequent frequency conversion. The demodulator reference 
oscillator must be able to follow rapid phase changes with a 
minimum of error. The time taken for the oscillator to 
reduce a phase error to the required accuracy depends on 
the damping of the control loop as well as its bandwidth, 
discussed below. 

8.1.4. Noise bandwidth 

In order that the locked oscillator can follow rapid 
changes in input carrier phase with minimum error the 
control loop must have a wide bandwidth. Increasing the 
bandwidth of the phase control loop also increases its 
susceptibility to phase jitter caused by noise introduced in 
the transmission path. In order to determine the optimum 
loop bandwidth the width (and form) of the noise spectrum 
of the carrier must be known. It would then be necessary 
to use a control-loop bandwidth which is large compared 
with this in order to ensure that the transmitted phase noise 
is not the dominant factor. It is expected that in a practical 
u.h.f. or s.h.f. system, the optimum noise bandwidth will be 
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determined by the noise introduced in the frequency con- 
version process which would have an effect similar to that 
of phase jitter on the transmitter. In the experimental 
system no frequency conversion is used. The noise band- 
width must therefore be chosen somewhat arbitrarily, and 
a value of 2 kHz is chosen. 

8.1.5. Phase jitter caused by noise 

The subjective effect on a video signal of phase 
errors of the oscillator due to noise, as discussed above, 
would be noise-modulated crosstalk between channels. A 
possible specification for noise immunity would be that 
the degradation of picture quality due to noise-modulated 
crosstalk should not exceed that due to the noise present on 
the video signal. This specification requires knowledge of 
the relative subjective impairment caused by video noise and 
and noise-modulated crosstalk. In the absence of such 
information, it is assumed that the r.m.s. value of noise- 
modulated crosstalk should not exceed the r.m.s. video 
noise. 
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Fig. 6 - Simplified block diagram of the phase-lock loop 



8.1.6. Pull-in range 

When the demodulator is switched on there may be 
a frequency error between the input signal and the de- 
modulator oscillator. In control systems, the hold-in 
range can often exceed the pull-in range by a considerable 
margin, but, for the present application, it is assumed that 
the oscillator must pull-in or hold-in for the same frequency 
error, namely, up to 100 kHz. 

8.1.7. Pull-in time 

The time taken for the loop to correct any fre- 
quency error up to the assumed maximum and bring the 
oscillator within the required phase tolerance should be less 
than 0-5 second. 

8.2. Analysis of the phase-lock loop 

A simplified phase-lock loop is shown in Fig. 6. 

The oscillator will initially be assumed to be locked 
to the input reference signal. 

In the following analysis frequent use will be made of 



8 



the Laplace transform, which may be defined by the 
equation 



oo 

I- 



G(s)= l/(f)e- s 'd? 



where G(s) is the Laplace transform of f(t), and the 
variable s can be regarded as a complex frequency. 

8.2.1. Phase detector 

In the prototype equipment a simple diode phase 
detector was used. The output voltage from this phase 
detector is approximately v t (t) = K d cos[(f> (t) - 4>- t (t)] 
where 0| and 4> Q are the input and oscillator phases respec- 
tively, and K 6 is a constant dependent on the input signal 
amplitude. At the designed operating signal level of the 
demodulator the value of K d was 0-8 volts/radian. In the 
ideal locked condition of the loop cp i and <p Q are in phase 
quadrature, but in practice there will be a small phase error. 
If <p' is defined as <p' = (0 O - 90°), and (0 O - 0|) is 
assumed to be small, it is possible to make the approxi- 
mation 

v I {r) = X d [0 i (r)-0;u)] 

By substituting Laplace transforms in the above equation 
the transfer function of the phase detector may be written: 



V l (s)=K 6 [6 ] (s)-d (s)] 



(8.1) 



where V l (s) is the Laplace transform of v (?) and 6 { (s) and 
o (s) are the Laplace transforms of <p- x (t) and <p' {t) respec- 
tively. 

8.2.2. Low-pass filter 

The low-pass filter is used to stabilise the loop and 
define the loop bandwidth. 

If the Laplace transforms of the input and output 
voltages of the filter are V x [s) and V 2 (s) respectively the 
transfer function F{s) of the filter may be defined: 



K 2 (s)=F 1 ( 5 ).F(s) 



(8.1) 



If it is necessary to provide d.c. amplification of the 
phase-detector output in order to achieve the required phase 
accuracy in the phase-lock loop, it is convenient to com- 
bine the d.c. amplifier and low-pass filter in the form of an 
active filter. In this case the d.c. gain of the filter F(o) 
may have a value exceeding unity. 

8.2.3. Voltage controlled oscillator 

In order to provide the oscillator deviation of ±100 
kHz at a centre frequency of 57 MHz a varicap-diode-tuned 
LC oscillator was used in the prototype equipment. The 
frequency deviation 5/ of the oscillator from its centre 
frequency is assumed to be proportional to the control 
voltage over the frequency range considered, so that for a 
control voltage v : 



2n8f = 



#;( t) 



6t 



K Q v 2 (r) 



where K Q is the oscillator control constant. 



By taking Laplace transforms this equation becomes: 



s6 Q {s) = K V 2 (s} 



(8.3) 



The value of the control constant, K QI of the oscillator 
used in the prototype equipment was 10 6 radians/second/ 
volt. 

8.3. Design of the phase-lock loop 

The design of the phase-lock loop will be outlined by 
considering in turn each of the requirements given in 8.1. 

8.3.1. Hold-in range 

If the phase-locked oscillator must remain in lock 
for frequency changes 5/ of up to ±100 kHz, the d.c. out- 
put voltage that must be available from the low-pass filter 
can be calculated: 



v 2 =± 



2ir 8f/K Q volts. 



If K Q = 10 6 radians/second/volt the filter must be capable 
of supplying an output voltage swing of ±0-63 volts. 

8.3.2. Phase accuracy 

If the deviation of the oscillator from its centre 
frequency is 5/, the control voltage required is 2n 8f/K . 
If the phase error is not to exceed 86 degrees, the maximum 
output voltage of the phase detector v is given by 
i>, = K Q 50.7r/18O. The minimum d.c. gain, F[o), of the 
low-pass filter can therefore be calculated: 

since V ' = Fj-Ffo) 

2tibflK o =K o F(o)8d.-nhQ0. 

If the phase error 86 must not exceed 0-57 degrees at a 
frequency deviation of 100 kHz, the minimum value of 
F(o) = 77. In order to allow for some offset error and for 
variation of the phase detector constant K Q with the signal 
level, a value of F(o) = 200 was chosen for the prototype 
design. 

8.3.3. Transient behaviour of loop 

From Sections 8.2.1, 8.2.2 and 8.2.3 we have: 
V l (s)-K d [6 i (s)-e o (s)] (8.1) 

(8.2) 

sB [s)=K V 2 {s) (8.3) 

Combining (8.1 ), (8.2) and (8.3), 

e {s)=SF(s)K d [e i (s)-B (s)] 



V 2 (s)-V l (s)F(s) 
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Defining H(s) as the closed loop transfer function 
(0 o (s))/{0j(s)). 



//<s) = 



K K d F(s) 
s + K Q K d F(s) 



(8.4) 



It will be shown later that, if a loop filter with the transfer 
function F(s) = F(o)(1 + st { )/(1 + st 2 ) is used the natural 
frequency and damping of the loop may be varied inde- 
pendently. 



power at its output as does the linear system whose transfer 
function is H(s), when the input to both systems is noise 
with a flat spectral density. Applying this definition to 
Equation (8.6), Viterbi 5 has shown that 



B N - 



For i? N = 2 kHz and a 



co n (1 +4a 2 ) 
_ 



0-7 we deduce 6J n = 2-5 x 10 



rad/s. 



Substituting for F(s) in (8.4) 
K(1 +st,) 



H(s) 



S(1 +ST 2 ) +^(1 +ST [ ) 



, where K = K d K F(o 



K 



therefore H(s) 



s * + _ (1 +KTi ) +. 



K 



(8.5) 



The characteristic equation, which defines the transient 
behaviour of the loop, is 



8.3.5. Phase jitter due to noise 

The phase modulation of the locked oscillator by 
noise present at the input may be analysed by assuming the 
noise component is small compared with the signal; the 
noise may be expressed as N(t) = a{t) cosoj t + b(t) sin co p t, 
where co is the frequency of the pilot signal. _aU)_and 
b(t) are independent time-varying parameters and a 2 = b 2 . 



The total noise power /V 2 = {a cos co p t + b sin u> p t) 2 

= %o 2 ~ + %/T 2 

hence N 2 = a 2 = b 2 



s 2 + __L +— = 0, 



or, in terms of the loop natural frequency, co n , and loop 
damping factor, a, 



where 



s 2 + 2aoJ n s + GJ n 2 = 



co n = (K/r 2 ) V2 and 



1 +Kt { 

__ 



(rJKY 



-V2 Ti (K/t 2 ) /2 for ^7,^1. 
Substituting for a and co n in Equation (8.5). 



H(s). 



u> n 2 + 2aco n s 
co 2 + 2oco n s + s 2 



(8.6) 



The time taken for the loop to stabilise after a tran- 
sient input depends greatly on the value of a. If a is less 
than unity the transient response shows overshoots before 
stabilising. For a greater than unity the response is over- 
damped and the decay of the transient response is expo- 
nential. The impulse response of the loop with different 
damping factors is shown in Fig. 4. A damping factor of 
about 0-7 is usually found to be optimum for a rapid 
settling time of the loop. 

8.3.4. Noise bandwidth 



If the pilot signal is of the form p cos co p t, the signal plus 
noise = [a(t) + p) cos oj p t + b(t) sin oj p t, and the instan- 
taneous input phase error due to noise is given by 

b 

(p ~ tan = — 

p + a 

b 
~- forp>a 
P 

Therefore if the r.m.s. noise voltage present in the pilot 
signal is TV, the r.m.s. phase error is approximately N/p. 

If we define: 

A v = r.m.s. noise voltage in video bandwidth 

B N = Loop noise bandwidth 

5 V = Video bandwidth 

h = Ratio of r.m.s. pilot carrier amplitude to peak- 
to-peak video amplitude. 

V = Peak-to-peak video amplitude 



r.m.s. noise in loop bandwidth = N = N 



P = sfihV 




Therefore r.m.s. = 



Ny, 



B„ 



^/2hV ^B x 



360 

——degrees 
2-n 



The noise bandwidth B N of a loop with transfer 
function H(s) is defined as the bandwidth of the ideal sharp- 
cut low-pass filter which produces the same amount of noise 



The peak-to-peak amplitude of crosstalk caused by a small 
phase error radians = 4>V Therefore, to comply with 
the specification for phase jitter (Section 8.1.5), 
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Hence N y > 




V„<N, 



V 



orB N <2B y h 2 



This is not accurate that the limits of the pull-in range, 
where 5/ approaches A/ The time may be calculated for 
8f=VzAf p = 5Qx 10 3 Hz, 

If a = 0-7 and w n = 2-5 x 10 4 rad/s 



where B N = 2x 10 3 Hz. 
fi v = 6x 10 6 Hz. 

Thus /;>0-0128 so that the minimum level of pilot signal 
with respect to peak video is —38 dB, at which level the 
r.m.s. crosstalk equals the r.m.s. video noise. 

The demodulator design is simplified if the pilot 
carrier level is raised to —20 dB, and the requirements of 
the pilot frequency band-pass filter are then much less 
stringent. The increased level of pilot signal would cause 
only a slight reduction in transmitter power efficiency, and 
would enable the crosstalk to be reduced to a level small 
compared with the noise in the video channels. 

8.3.6. Pull-in range 

When the loop is in the unlocked condition the 
linear form of the transfer function is not valid, and a 
formula taking into account the sine law of the phase 
detector must be used. 

Several methods have been devised to obtain approxi- 
mate expressions for the pull-in range of second order 
phase locked loops. ,5,6 One formula in a particularly 
useful form is used by Gardner, 8 derived from a method 
due to Richman: 

Pull-in range Af p = (1/tt) (ow/- V2to n 2 ) V2 
With a natural frequency w n 2-5 x 10" rad/s, 

a damping factor a - 0-7 and F(o) = 200: 

K = K d K F(o)= 1-6 x 10 8 

A/ p ~0-53x 10 6 Hz. 

The methods used for calculating the pull-in range of 
the oscillator assume a loop with a single filter with a 
transfer function of the type described. The practical 
system, using a pilot carrier locking system, requires 
additional pilot-frequency band-pass filters in the loop to 
provide rejection of the video and noise signals. 

Leonhardt and Fleischmann 7 have published work on 
loops containing additional filters. Using Leonhardt and 
Fleischmann's analysis it should be possible to provide the 
required pull-in range if the bandwidth of the pilot-carrier 
filters exceeds 110 kHz. 

8.3.7. Pull-in time 

The time taken for the loop to pull into lock from 
an initial frequency error 5/ is calculated by Viterbi 6 as: 

(2tt6/) 2 

p ~ 20co„ 3 



f P = 



(50 x 2?rx 10 3 ) 2 
1-4(2-5 x 10 4 ) 3 



= 4-5 x 10 -3 seconds. 

This is well within the specification of the system. 

8.4. A practical loop filter 

Taking the values derived in Section 8.3: 

w n = 2-5 x 10 4 rad/s 
a =0-7 
F(o) = 200 

and using the parameter equations from Section 6.3.3, viz 



(Section 8.3.4) 
(Section 8.3.3) 
(Section 8.3.2) 



and 



a = 




where K = K K d F{o) = 1 -6 x 1 8 



we obtain r 2 = 0-25 s. 



and 



r, = 5-5 x 10~ 5 s. 
The required filter transfer function is 
1 +r,s 




F(s) = 200 



1 + 0-25.S 



A suitable transfer function may be realised with the circuit 
shown in Figure 7 and was used for the experimental 
model. 



/?3 



Ri 



RZ 



AY 



4_o(/ 2 



Fig. 7 - Practical hop filter 



R 3 C= 5-5 x 1CT 5 s 
R 2 lR l =200 



R 2 C= 0-25 s 
A>200 
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The transfer function of this circuit is approximately Owing to the phase reversal in this loop filter the 

polarity of K d or K Q must be made negative in order to 
1 + 5-5 x 1(T~ s s satisfy the design equations given in Section 8.3. 

F(s) = -200- 

1 + 0-25s 
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